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Abstract. This article gives an overview of the state-of-the-art of key biomass conversion technolo¬ 
gies currently deployed and technologies that may play a key role in the future, including possible 
linkage to CO2 capture and sequestration technology (CCS). In doing so, special attention is paid 
to production of biofuels for the transport sector, because this is likely to become the key emerging 
market for large-scale sustainable biomass use. Although the actual role of bio-energy will depend 
on its competitiveness with fossil fuels and on agricultural policies worldwide, it seems realistic to 
expect that the current contribution of bio-energy of 40-55 EJ per year will increase considerably. A 
range from 200 to 300 EJ may be observed looking well into this century, making biomass a more 
important energy supply option than mineral oil today. A key issue for bio-energy is that its use should 
be modernized to fit into a sustainable development path. Especially promising are the production of 
electricity via advanced conversion concepts (i.e. gasification and state-of-the-art combustion and co¬ 
firing) and modem biomass derived fuels like methanol, hydrogen and ethanol from ligno-cellulosic 
biomass, which can reach competitive cost levels within 1-2 decades (partly depending on price 
developments with petroleum). Sugar cane based ethanol production already provides a competitive 
biofuel production system in tropical regions and further improvements are possible. Flexible energy 
systems, in which biomass and fossil fuels can be used in combination, could be the backbone for 
a low risk, low cost and low carbon emission energy supply system for large scale supply of fuels 
and power and providing a framework for the evolution of large scale biomass raw material supply 
systems. The gasification route offers special possibilities to combine this with low cost CO2 capture 
(and storage), resulting in concepts that are both flexible with respect to primary fuel input as well 
as product mix and with the possibility of achieving zero or even negative carbon emissions. Pro¬ 
longed RD&D efforts and biomass market development, consistent policy support and international 
collaboration are essential to achieve this. 

Keywords: biomass conversion, combustion, gasification, hydrolysis, digestion, biofuels, electricity, 
carbon capture, storage 


1. Introduction - The Current and Potential Role for Modern Bio-Energy 

Current energy supplies in the world are dominated by fossil fuels (some 80% of 
the total use of over 400 EJ per year). Nevertheless, about 10-15% (or 45 ± 10 EJ) 
of this demand is covered by biomass resources, making biomass by far the most 
important renewable energy source used to date. On average, in the industrialized 
countries biomass contributes some 9-13% to the total energy supplies, but in 
developing countries the proportion is as high as a fifth to one third. In quite a number 
of countries biomass covers even over 50-90% of the total energy demand. A large 
part of this biomass use is however non-commercial and used for cooking and space 
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heating, generally by the poorer part of the population. This also explains why the 
contribution of biomass to the energy supply is not exactly known; non-commercial 
use is poorly mapped. In addition, some traditional use is not sustainable because 
it may deprive local soils of needed nutrients, cause indoor and outdoor pollution 
and result in poor health. It may also contribute to GHG emissions and affect 
ecosystems if biomass is taken for energy without replanting and other conservation 
management. Part of this use is commercial though, i.e. the household fuel wood 
in industrialized countries and bio-char (“charcoal”) and firewood in urban and 
industrial areas in developing countries, but there are almost no data on the size of 
those markets. An estimated 9 ± 6 EJ is covered by this category. 

Modem bio-energy (commercial energy production from biomass for industry, 
power generation or transport fuels) makes a lower, but still very significant con¬ 
tribution (some 7EJ/yr in 2000), and this share is growing. It is estimated that end 
of the nineties, some 40 GWe biomass based electricity production capacity was 
installed worldwide (good for 160 TWh/year) and 200 GW heat production capac¬ 
ity (>700TWh/year). Total production of biofuels (mainly ethanol produced from 
sugar cane and surpluses of com and cereals and to a far lesser extent bio-diesel from 
oil-seed crops) amounted some 18 billion litres per year. This equals about 0.5 EJ 
as transport fuel (around 2000), but worldwide production of biofuels (especially 
bio-ethanol) is growing rapidly (Turkenburg et al. 2000). 

The (technical) potential contribution of bio-energy to the future world’s en¬ 
ergy supply could be very large. In theory, energy farming on current agricultural 
land could, with projected technological progress, contribute over 800 EJ, without 
jeopardising the world’s food supply. Organic wastes and residues could possibly 
supply another 40-170 EJ, with uncertain contributions from forest residues and 
potentially a very significant role for organic waste, especially when bio-materials 
are used on a larger scale. In total, the upper limit the of bio-energy potential could 
be over 1000 EJ (per year). This is considerably more than the current global energy 
use of 400EJ (Hoogwijk et al. 2003; Smeets et al. 2004). 

Latin America, Sub-Saharan Africa and Eastern Europe clearly are promising 
regions, also Oceania and East and NE Asia jump out as potential biomass pro¬ 
duction areas on the longer term. The latter can in particular be explained by the 
projected demographic developments (declining population in China after 2020) 
and fast technological progress in agriculture, leading to substantial productivity 
increases. 

These analyses also show that a large part of the technical potential for biomass 
production may be developed at low production costs in the range of 2U$/GJ 
(Hoogwijk et al. 2004; Smeets et al. 2005). 

Major transitions are however required to exploit this bio-energy potential. Es¬ 
pecially improving agricultural efficiency in developing countries (i.e. increasing 
crop yields per hectare) is a key factor. It is still uncertain to what extent and how 
fast such transitions can be realized in different regions. Under less favourable 
conditions, the (regional) bio-energy potential(s) could be quite low. 
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Also, it should be noted that technological developments (in conversion, as 
well as long distance biomass supply chains (i.e. comprising intercontinental trans¬ 
port of biomass derived energy carriers) can dramatically improve competitiveness 
and efficiency of bio-energy. Increased competitiveness is logically a driver to de¬ 
velop the production potentials of bio-energy. This article gives an overview of 
the state-of-the-art of key biomass conversion technologies currently deployed and 
technologies that may play a key role in the future, including possible linkage to 
CO 2 capture and sequestration technology (CCS). In doing so, special attention 
will be paid to production of biofuels for the transport sector, because this is likely 
to become the key emerging market for large-scale sustainable biomass use. 


2. Technology Overview 

Conversion routes for producing energy carriers from biomass are plentiful. Figure 1 
illustrates the main conversion routes that are used or under development for produc¬ 
tion of heat, power and transport fuels. First, conversion technologies for production 
of power and heat will be summarized (combustion, gasification and digestion in 
Section 2.1), followed by the technologies available or developed to produce trans¬ 
portation fuels (fermentation, gasification and extraction in Section 2.2), in each 
case distinguishing between current and prospective availability. 



Figure 1. Main conversion options for biomass to secondary energy carriers (Turkenburg 2000). 
Some categories represent a wide range of technological concepts as well as capacity ranges at which 
they are deployed, which are dealt with further in the main text. 
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2.1. Combustion, gasification, pyrolysis and digestion 

FOR POWER & HEAT 

Production of heat (domestic, industrial), and electricity or combined heat and 
power (CHP) is possible through a portfolio of options (see Figure 1). Below, the 
most important technologies, which are or have been deployed so far with respect 
to their role, status and generic performance levels are discussed. Also some of 
the key options under development and that could play an important role in the 
coming decades are included. Some emphasis is on the European context, since 
development and deployment of a wide array of modem bio-energy technologies has 
been pursued in this world region. Technologies relevant to low income developing 
countries are not reviewed in detail. 

Table I summarizes key performance figures with respect to costs, efficiency 
and resulting costs ranges of power and heat produced for given assumptions, as 
well as some summarizing remarks on the status of each technology discussed. 

2.1.1. Combustion 

• Domestic heating : A classic application of biomass combustion is heat pro¬ 
duction for domestic applications. This is still a major market for biomass for 
domestic heating in countries like Austria, France, Germany and Sweden. Use 
of wood in open fireplaces and small furnaces in houses is generally poorly 
documented, but estimated contributions to meet heat demand are considerable 
in countries mentioned. Traditional use of wood generally has a low efficiency 
(sometimes as low as 10%) and generally goes with considerable emissions e.g. 
of dust and soot. Technology development has led to the application of strongly 
improved heating systems, which are for example automated, have catalytic 
gas cleaning and make use of standardized fuel (such as pellets). The efficiency 
benefit compared to open fireplaces is considerable: open fireplaces may even 
have a negative efficiency over the year (due to heat losses through the chim¬ 
ney), while advanced domestic heaters can obtain efficiencies of 70-90% with 
strongly reduced emissions. The application of such systems is widespread 
in Scandinavia, Austria and Germany. In Sweden in particular, a significant 
market has developed for biomass pellets, which are fired in automated firing 
systems, (van Loo and Koppejan 2002) 

• District heating and CHP: The application of biomass fired district heating is 
widely applied in Scandinavian countries and Austria. In Scandinavia, biomass 
fired CHP really took off in the eighties as a result of national climate and energy 
policies. In the first stages, retrofits of existing coal-fired boilers were popular. 
Over time, the scale of CHP systems shows an increasing trend, with apparent 
advantages from higher electrical efficiencies and lower costs. This was also 
combined with a developing biomass market, allowing for more competitive 
and longer distance supplies of biomass resources (especially forest residues) 
(Hillring 2002). During the nineties, Denmark deployed a major programme for 
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utilising straw. Various technical concepts were developed and deployed such 
as the so-called cigar burners combined with efficient straw baling equipment, 
transport and storage chains. Other innovations were needed to deal with the 
difficult combustion characteristics of straw such the high alkali and chlorine 
content. This lead to complex boiler concepts, e.g. involving two-stage combus¬ 
tion, but also new pre-treatment techniques such as straw washing (Nikolaisen 
et al. 1999). Austria, another leading country in deploying biomass fired CHP 
focused on smaller scale systems on village level, generally combined with lo¬ 
cal fuel supply systems. All these countries have colder climates making CHP 
economically attractive. Furthermore, involvement of local communities has 
proven important. Municipalities and forest owners are often the owners of the 
CHP-plants. Energy costs of those systems are usually somewhat higher. Local 
societal support is generally strong though, especially due to the employment 
and expenditures that benefit the local community. However, high labour costs 
also led to high degrees of automation, with unmanned operation typical for 
many of the newer facilities (Serup et al. 1999). 

• Larger-scale combustion of biomass for the production of electricity (plus heat 
and process steam) is applied commercially word wide. Many plant configura¬ 
tions have been developed and deployed over time. Basic combustion concepts 
include pile burning, various types of grate firing (stationary, moving, vibrat¬ 
ing), suspension firing and fluidized bed concepts. Key sector for the application 
for biomass combustion for power generation is the paper- and pulp (P&P) in¬ 
dustry for combustion of black liquor and waste incineration. Conventional 
boilers for combined production of power and process steams and recovery of 
pulping chemicals is common technology for the P&P sector. Waste incinera¬ 
tors were widely deployed starting in the eighties in countries like Germany and 
the Netherlands, combined with very stringent emission standards. Typically 
such plants have large capacities (i.e. around 1 Mtonne capacity per plant per 
year) moving grate boilers (which allow mass burning of very diverse waste 
properties), low steam pressures and temperatures (to avoid corrosion) and ex¬ 
tensive flue gas cleaning. Typical electrical efficiencies are between 15 to over 
20% and more efficient designs (reaching some 30% electrical efficiency) are 
now commissioned. Mass burning became the key waste-to-energy technology 
deployed in Europe, but is also relatively expensive with treatment costs in 
the range of 50-150Euro/tonne (off-set by tipping fees) (Faaij et al. 1998). 
Typical capacities for stand-alone biomass combustion plants (typically using 
wood such as forest residues, as fuel) range between 20-50 MWe, with related 
electrical efficiencies in the 25-30% range. Such plants are only economically 
viable when fuels are available at low costs or when a carbon tax or a feed-in 
tariff for renewable electricity is in place. In recent years advanced combustion 
concepts have penetrated the market (Faaij 2004). The application of fluid bed 
technology and advanced gas cleaning allows for efficient and production of 
electricity (and heat) from biomass. On a scale of about 50-80 MWe, electrical 
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efficiencies of 30-40% are possible (van Loo and Koppejan 2002; DOE 1998; 
van den Broek, et al. 1996). Finland is on cutting edge of the field with de¬ 
velopment and deployment of Bubbling Fluidized Bed (BFB) and Circulating 
Fluidized Bed (CFB) boilers with high fuel flexibility, lower specific investment 
costs, high efficiency and deployed on a large scale. One of the latest plants 
realized in Finland has a capacity of 500 MW t h and is co-fired with a portfolio 
of biomass fuels, partly supplied by water transport. 

• Co-combustion : Co-combustion of biomass, in particular in coal-fired power 
plants is the single largest growing conversion route for biomass in many EU 
countries (e.g. in Spain, Germany, and the Netherlands to name a few). The 
advantages of co-firing are apparent: the overall electrical efficiency is high 
(usually around 40%) due to the economies of scale of the existing plant and 
investments costs are low to negligible when high quality fuels as pellets are 
used. Also, directly avoided emissions are high due to direct replacement of 
coal. Combined with the fact that many coal-fired power plants in operation are 
fully depreciated, this makes co-firing usually a very attractive GHG mitigation 
option. In addition, biomass firing leads to lowering sulphur and other emissions 
(see e.g. (Meuleman and Faaij 1999)). For some countries though, biomass 
firing is also a route to avoid the need for investing in additional flue gas 
cleaning equipment otherwise needed for 100% coal firing. Generally, relatively 
low co-firing shares are deployed with very limited consequences for boiler 
performance and maintenance. Because many plants are now equipped with 
some co-firing capacity interest for higher co-firing shares (e.g. up to 40%) is 
rising. Technical consequences e.g. for feeding lines and boiler performance 
are more severe though, and current development efforts focus on those issues 
(van Loo and Koppejan 2002). Power plants capable of firing natural gas or coal 
with various biomass streams are built in Denmark (e.g the Avedore plant) with 
the benefit of gaining economies of scale as well as reduced fuel supply risks. In 
Denmark straw is a common fuel. The chlorine and alkaline rich straw caused 
problems in conventional combustion systems through increased corrosion and 
slagging. In multi-fuel systems however, straw can be used for raising low 
temperature steam, after which the steam is superheated by fossil fuels. This 
approach more ot less eliminates these problems (Nikolaisen et al. 1999). 

2.1.2. Gasification 

Gasification as a means to convert a diversity of solid fuels to combustible gas or 
syngas received considerable attention in the eighties worldwide and also in Europe. 
Gasification converts biomass into fuel gas, which can be further converted or 
cleaned prior to combustion (e.g. in a gas turbine; when integrated with a combined 
cycle this leads to a BIG/CC Biomass Integrated Gasification/Combined Cycle 
plant). 

The use of gasification for production of fuels will be discussed further in Section 

2.2. In this section we will first focus on production of heat and power deploying 



352 


A. FAAIJ 


biomass gasification. We will distinguish between smaller scale gasification (i.e. in 
the 10’s of kWth to around 1 MW* capacity range and generally involving fixed 
bed gasification concepts) and larger scale gasification, generally linked to Fluid 
Bed concepts. 

• Smaller scale gasification : at the end 80’s and beginning of the90’s, small-scale 
gasification received major support. Downdraft or updraft, fixed bed gasifiers 
with capacities of less than a lOOkWth up to a few MW* were developed and 
tested for small-scale power and heat generation using diesel or gas engines. 
Heat production using small gasifiers is commercially established. Finland 
in particular was succesfull in the 80’s in deploying smaller scale (Bioneer) 
gasifiers for heat production. Nevertheless, gasification for production of heat 
finds a strong competitor in combustion. A key concept pursued for a long 
period of time was the use of agricultural residues close to its source, thus 
minimizing transport distances. A wide array of concepts for gasifiers, gas 
cleaning and system integration for such concepts was proposed and tested in a 
wide variety of conditions. Technology was also exported to many developing 
countries with support from international bodies such as the World Bank. The 
key drivers here were rural development and electrification. So far, despite major 
efforts, investments and large number of demonstration units, the concept of 
small-scale gasification linked to gas or diesel engines has never taken off. 
Small (fixed bed) gasifiers coupled to diesel/gas engines (typically for 100- 
200 kWe systems with an approximate, modest, electrical efficiency of 15- 
25%) are commercially available on the market. Especially in India, succesful 
implementation has been achieved. However, the critical demands of small- 
scale gasifiers as regards fuel quality (preferably standardized and hence more 
expensive fuel such as pellets) and careful operation along with high costs, 
especially for effective gas cleaning given the severe emission standards, have 
so far hampered their wide deployment in the EU (Kaltschmitt et al. 1998; 
Stassen 1995). Possibly, in the longer term, standardized gasification systems 
(‘pre-packaged’) using fuel cells and micro-turbines could mean a breakthrough 
for small scale electricity production from biomass, but such systems need 
further development and will depend on cheap and reliable fuel cells and again, 
major advances in small scale gas cleaning. 

• Larger scale (CFB) biomass gasification : Larger gasifiers (i.e. over several 10’s 
MW t h capacity are generally associated with Circulating Fluidized Bed con¬ 
cepts which have high fuel flexibility. At atmospheric pressure (ACFB) gasifiers 
are used for production of (raw) producer gas and process heat (e.g. in Italy, 
Austria, Sweden and Germany) but not in very large numbers. Biomass In¬ 
tegrated Gasification/Combined Cycle (BIG/CC) systems combine flexibility 
with respect to fuel characteristics with a high electrical efficiency. Electrical 
efficiencies around 40% (LHV basis) are possible on a scale of about 30 MWe 
on shorter term (Consonni and Larson 1996; Faaij et al. 1997). BIG/CC be¬ 
came the centre of attention in EU and various national programs in the first 
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half of the nineties. The promise of this technology, allowing for high electri¬ 
cal efficiency at modest scales combined with modest capital costs, resulted 
in a variety of research and demonstration initiatives. Furthermore, BIG/CC 
concepts can achieved low emission to air levels, because the fuel gas needs 
severe cleaning prior to combustion to meet gas turbine specifications (Faaij 
et al. 1997). Demonstration projects were launched in various countries and for 
various gasification concepts: in Brazil a GEF/World Bank supported project 
was set up to demonstrate a 30MWe ACFB BIG/CC unit fired with cultivated 
Eucalyptus (Elliott 1993). In the same period in Sweden, the first BIG/CC 
unit (the BIOFLOW pilot-project), based on a pressurized gasification process 
(PCFB) has gained several thousands of hours of operational experience. An 
atmospheric (ACFB) BIG/CC system was commissioned in 2000 in Yorkshire, 
UK but bio-fuel operations stopped after a testing period though the plant has 
since run on natural gas. An important project in the US is the demonstration 
of the indirect FERCO gasification concept at the existing Burlington power 
station. In addition, a variety of national initiatives were launched aimed at 
pre-commercial or demonstration units of BIG/CC technology (in particular in 
the EU) (Morris et al. 2005). However, in practice the realization of the demon¬ 
stration projects proved to be difficult. Costs of first generation units proved to 
be very high. The first generation of BIG/CC systems shows high unit capital 
costs. Depending on the scale, price levels of 5,000-3,500 Euro/kWe are quoted 
(Faaij et al. 1998), which is still far from the desired 1,500-2,000 Euro/kWe, 
which could bring BIG/CC in a competitive area. Various technological issues 
(e.g. concerning pre-treatment and tar removal) still need to be resolved. Later 
in the nineties, many utilities faced rapid market liberalization in the energy 
sector and expensive demonstration activities proved to be hard to pursue. Var¬ 
ious demonstration units (such as ARBRE and BIOFLOW) were put out of 
operation recently. Co-firing and proven combustion technology (which also 
develops over time) is generally favoured by the risk-averse energy sector. This 
has led to the deplorable situation of stalled development of a technology that, 
on a somewhat longer term, is capable of producing power from biomass at 
competitive price levels. At somewhat larger scale (over 100 MWe) and consid¬ 
ering the ongoing improvement of gas turbine technology, the cost reduction 
potential of BIG/CC systems is considerable, as has been evaluated by numer¬ 
ous studies (Williams and Larson 1996; Faaij et al. 1998; Solantausta et al. 
1996). The combination of high electrical efficiencies with relatively low unit 
capital costs can make the use of cultivated biomass as feedstock economically 
feasible for many areas in the world. So far, however, development is slow. 

• Gasification for co-firing : Gasification is also a route towards large co-firing 
shares of existing (coal-fired) power plants, avoiding the need for additional 
solid fuel feeding lines and allowing for better control of the combustion pro¬ 
cess. Successful deployment of (A)CFB gasifiers is recently shown in co-firing 
schemes (e.g. Lahti in Finland and Amer in the Netherlands) (van Loo and 
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Koppejan 2002). An interesting alternative application for producer gas from 
biomass gasification is to use it for co-firing in existing (or new) natural gas 
fired combined cycles. In this way, economies of scale are utilised resulting at 
in low cost and (very) high overall efficiencies (currently up to 60% for NG 
fired combined cycles), combined with a secure fuel supply since one can vary 
the share of fuel gas and natural gas fired, (Rodrigues et al. 2003). So far, this 
option has not been demonstrated anywhere in the world, but research efforts 
are increasing and it could prove to be of major importance on short term given 
that co-firing opportunities at existing coal-fired power plants are increasingly 
utilised already. 

2.1.3. Production of Bio-Oils: Pyrolysis and Liquefaction Processes 

Pyrolysis converts biomass at temperatures around 500 °C in absence of oxygen 
to liquid (bio-oil), gaseous and solid (char) fractions. With flash pyrolysis tech¬ 
niques (fast pyrolysis) the liquid fraction can be maximized (up to 70% of the 
thermal biomass input). Bio-oil contains about 40 weight percent of oxygen and is 
corrosive and acidic. Crude bio-oil can in principle (after some modifications and 
only for better quality oils) be used for firing engines and turbines. The oil can also 
be upgraded (e.g. via hydrogenation) in order to reduce the oxygen content. But up¬ 
grading comes with both economic and energy penalties. Pyrolysis and upgrading 
technology is largely in the demonstration phase (Bridgewater 1998). Liquefaction 
(conversion under high pressure) and HTU, or Hydro Thermal Upgrading (a pro¬ 
cess originally developed by Shell and in pre-pilot phase, that converts biomass at a 
high pressure in water and moderate temperatures to bio-crude (Naber et al. 1997)) 
are other ways of producing ‘raw intermediate’ liquids from biomass. 

Up to now, pyrolysis is less well developed than gasification (and liquefaction 
options even more so). Major attention since end eighties/beginning nineties was 
especially caused by the potential deployment of this technology on small scale 
in rural areas and as feedstock for the chemical industry. Reducing transport costs 
because of the higher energy density of bio-oil compared to untreated biomass was 
used as another key argument. 

Although considerable experience was gained over time, still, few successful 
demonstration units were realized, (prime examples shown by Fortum, a Finnish 
Oil company and Dynamotive in Canada leading commercialization of pyrolysis 
technology). Actual market implementation is so far in its infancy. Pyrolysis now 
receives increasing attention as a pre-treatment step for long distance transport of 
bio-oil that can be used in further conversion (e.g. efficient power generation or 
(entrained flow) gasification for syngas production). 

2.1.4. Digestion 

• Biogas: Anaerobic digestion of biomass has been demonstrated and applied 
commercially with success in a multitude of situations and for a variety of 
feedstocks such as organic domestic waste, organic industrial wastes, manure, 
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sludges, etc. . Digestion is particularly suited for wet biomass materials, but 
it has a low overall electrical efficiency when the gas produced is used to 
fuel gas engine driven generators (typically some 10-15%). Biomass to gas 
conversion can reach some 35% strongly depending on the feedstock. Digestion 
has been deployed for a long time in the food and beverage industry to process 
waste water with high loads of organic matter. Currently, advanced, large scale, 
systems for wet industrial waste streams are applied in many countries and co¬ 
digestion of for example manure and wet organic process residues is particularly 
succesfull at present. Countries like Denmark and the Germany have a strong 
position with advanced digestion systems used for processing various wet waste 
streams (Braber 1995). 

• Landfill gas utilisation'. A specific source of biogas is landfills. The production 
of methane rich landfill gas from landfill sites makes a significant contribution to 
atmospheric methane emissions. In many situations the collection of landfill gas 
and production of electricity by converting this gas in gas engines is profitable 
and the application of such systems has become widespread. The benefits are 
obvious: useful energy carriers are produced from gas that would otherwise 
contribute to a build-up of methane GHG in the atmosphere, which has stronger 
GHG impact than the CO 2 emitted from the power plant (Faaij et al. 1998). 
This makes landfill gas utilisation in general a very attractive GHG mitigation 
option, widely adopted throughout the EU and North America and increasingly 
deployed in other world regions. 

2.2. Production of transportation fuels via gasification, 

FERMENTATION AND EXTRACTION 

As follows from Figure 1, three main routes can be distinguished to produce trans¬ 
portation fuels from biomass: gasification can be used to produce syngas that can 
be converted to methanol, Fischer-Tropsch liquids, DiMethylEther (DME) and hy¬ 
drogen. Production of ethanol can take place via direct fermentation of sugar and 
starch rich biomass, the most utilized route for production of biofuels to date, or 
this can be preceded by hydrolysis processes to convert ligno-cellulosic biomass 
to sugars first. Finally, biofuels can be produced via extraction from oil seeds 
(vegetal oil from e.g. rapeseed or palmoil), which can be esterified to produce 
biodiesel. 

The characteristics of those fuels differ widely (see Table II): hydrogen, being 
a very light gas, requires very extensive infrastructure. All other fuels considered, 
except DME, are liquids and can be stored and distributed with relatively conven¬ 
tional infrastructure. Ethanol and especially methanol have a lower energy density 
than gasoline, so for the same amount of energy in a vehicle more weight has to be 
taken on board. Other aspects concern the toxicity and environmental impacts of 
the fuels due to leakages or calamities. Gasoline and diesel partly contain aromates, 
with carcinogenic properties. 
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TABLE II 

Some main properties of biofuels for the transport sector 


Fuel 

Density (kg/litre) 
(at 15 °C) 

Energy density 
(MJ/kg) (HHV) 

Other aspects 

Hydrogen 

0.07 

142 

Lighter than air, 

low explosion limits 

Methanol 

0.8 

23 

Toxic in direct contact 

octane number 88.6 (gasoline 85) 

DME 

0.66 

28.2 

Vapour pressure 5.1 bar 
at 20 °C. 

Fischer-Tropsch 

gasoline 

0.75 

46-48 

Very comparable to 
diesel and gasoline; 
zero sulpur, no aromates 

Ethanol 

0.79 

30 

Octane number 89.7 
(gasoline 85) 

Diesel from bio-oil/ 
bio-crude 

0.85 

47 

When fully 
de-oxygenated 

Bio-diesel 

0.88 

42 

Cetane number: 58 
(diesel 47.5) 

Gasoline 

0.75 

46 

Depending on refining process, 
contains sulphur and aromates 

Diesel 

0.85 

46 

Depending on refining process, 
contains sulphur and aromates 


Methanol is not carcinogenic but is a more dangerous liquid than gasoline when 
it comes into contact with human skin. Measures need to be taken to reduce exposure 
risks compared to gasoline and diesel, such as closed filling systems (e.g. as applied 
for LPG). This will result in (somewhat) higher (investment) costs. Fischer-Tropsch 
liquids and ethanol are barely toxic and the sulphur and aromate content of those 
fuels are zero, which are advantages compared to gasoline and diesel. In addition, 
the existing infrastructure for gasoline and diesel can be used (IEA 2004). 

2.2.1. Methanol, Hydrogen and Hydrocarbons via Gasification 
Methanol, hydrogen and Fischer-Tropsch diesel can be produced from biomass via 
gasification. All routes need very clean syngas before the secondary energy carrier 
is produced via relatively conventional gas processing methods. Besides MeOH, 
hydrogen and FT-liquids, DME (DiMethylEther) and SNG (Synthetic Natural Gas) 
can also be produced from syngas. We will however focus on the first three fuels 
mentioned. 

Several routes involving conventional, commercial, or advanced technologies 
under development, are possible. Figure 2 pictures a generic conversion flowsheet 
for this category of processes. A train of processes to convert biomass to required 
gas specifications precedes the methanol or FT reactor, or hydrogen separation. The 
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gasifier produces syngas, a mixture of CO and H 2 , and a few other compounds. The 
syngas then undergoes a series of chemical reactions. The equipment downstream 
of the gasifier for conversion to Ho, methanol or FT diesel is the same as that 
used to make these products from natural gas, except for the gas cleaning train. A 
gas turbine or boiler, and a steam turbine optionally employ the unconverted gas 
fractions for electricity co-production (Hamelinck 2004). 

So far, commercial biofuels production via gasification does not take place, 
but interest is on the rise and development efforts have been made over the past 
decades. Partly as a result of the oil crises, an interest in biomass derived syngas 
for the production of transport fuels (such as methanol) was pursued during the 
1980’s. Pressurized gasification for methanol production from biomass was tested 
and developed in France and Sweden. Kemira (a Finnish company active in the 
production of fertilizers) installed a large-scale CFB gasifier in Oulu, (Finland) for 
producing syngas for an ammonia factory (which was shut down). Also noteworthy 
is the installed gasification capacity (entrained flow) at Schwarze Pumpe (former 
East Germany) for producing methanol from waste streams, which is a major in¬ 
dustrial experience with this technology. Low energy prices worsened the posi¬ 
tion of advanced gasification technologies for large-scale applications. Kaltschmitt 
et al. (1998) renewed attention for using gasification technology for production 
of transport fuels, in particular Fischer-Tropsch diesel and hydrogen. In Freiburg 
- Germany, the company Choren demonstrates FT-diesel production via biomass 
gasification. Although this seems a viable development given the techno-economic 
potential of such concepts (see also Table III), the technological challenges remain 
and are likely to be more complex than for BIG/CC concepts because gas cleaning 
needs to be more severe in order to protect downstream catalytic gas processing 
equipment. 

Once clean syngas is available, known process technology for producing 
methanol, FT-liquids, DME and hydrogen can be applied. The main development 
challenges are gas cleaning, scale-up of processes and process integration. More 
recent technological concepts, such as liquid phase methanol production and once- 









358 


A. FAAIJ 



f page) 



(i Cot 


MODERN BIOMASS CONVERSION TECHNOLOGIES 


359 



: next page) 





MODERN BIOMASS CONVERSION TECHNOLOGIES 


361 


through Fischer-Tropsch synthesis (combined with electricity generation) and new 
gas cleaning and separation technology offer potentially lower production costs and 
higher overall efficiencies on the longer term. 

More research, demonstration and development activities over a prolonged pe¬ 
riod of time are however needed to reach such a situation. In countries like Germany, 
the Netherlands and Sweden interest to develop advanced gasification for syngas 
production is on the rise again and plays an important role in long-term RD&D 
strategies. 

Overall energetic efficiencies of relatively ‘conventional’ production facilities, 
could be close to 60% (on a scale of about 400MW t h input). Deployment on large 
scale (e.g over 1000 MW*) is required to benefit maximally from economies of 
scale, which are inherent to this type of installations. In total however, this (set 
of) option(s) has a strong position from both efficiency and economic perspective 
(Tijmensen et al. 2002; Hamelinck and Faaij 2002; Williams et al. 1995; Hamelinck 
et al. 2004). Generic performance ranges resulting from detailed pre-engineering 
studies are reported in Table III. 

Application of CO 2 capture. Figure 2 shows that after gasification, CO 2 removal 
is or can be deployed. For hydrogen production this is evident, because all car¬ 
bon monoxide produced is shifted to hydrogen and CO 2 . Optimal performance of 
Fischer-Tropsch synthesis requires removal of CO 2 to obtain higher partial pres¬ 
sures of the reactants (Tijmensen et al. 2002). 

(Mollersten et al. 2003), have indicated that a substantial amount of carbon in 
the original biomass can be captured as CO 2 at relatively low additional costs, 
because CO 2 concentrations are generally much higher than in typical fuel gas 
from combustion processes. Combining the use of sustainably grown biomass with 
(partial) CO 2 capture allows for overall negative CO 2 emissions per unit of energy 
produced on a life cycle basis. 

It is beyond the scope of this paper to address all opportunities to combine 
fossil fuels with biomass in flexible conversion facilities producing fuels and other 
outputs, but clearly, gasification based conversion platforms could offer flexible 
fuel production from biomass and coal as well as natural gas. 

Organizing large-scale biomass supplies may be difficult on short term, making 
a co-feeding strategy, e.g. with coal, attractive on short term. When equipped with 
C02 capture facilities, the input share of fossil fuel can still become “carbon neu¬ 
tral” (see e.g. (Celik et al. 2004), who have analysed that about 50% of the carbon 
in gasified coal can be captured when producing FT-liquids via gasification). When 
more biomass would be utilized, negative emissions could be obtained. Also, exist¬ 
ing large-scale gasification technology (entrained flow) can be used, because such 
gasification processes are developed and deployed for coal and heavy oil residues. 
Biomass feedstock could be supplied as crude bio-oils obtained via pyrolysis in 
the biomass production areas or treated via torrefaction, which basically means 
‘roasting’ of the biomass reducing the moisture content and facilitating grinding 
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and further pelletisation. Such densification steps reduce long distance transport 
costs and facilitate feeding to pressurized gasification systems. Some exploratory 
work on large scale and long distance biomass supplies for large-scale syngas pro¬ 
duction has been done (see e.g. Hamelinck et al. 2004 and Calis et al. 2003) with 
promising results, indicating that this is a concept that deserves further study and 
development efforts. 

2.2.2. Fermentation; Production of Ethanol 

• Ethanol from sugar and starch: Production of ethanol via fermentation of sug¬ 
ars is a classic conversion route, which is applied for sugar cane, maize and 
cereals on a large scale, especially in Brazil, the United States and France. 
Sweden and Spain have more modest production levels of ethanol. Ethanol is 
generally mixed with gasoline, which, at low percentages, can be done without 
adaptations to the current vehicle fleet. Ethanol has the advantage that it lowers 
NO a and dust emissions to some extent compared to straight gasoline. The US 
and European programmes are particularly used for converting surpluses of 
food crops to a useful (by) product. Ethanol production from food crops like 
maize and cereals is however far from competitive when compared to gasoline 
and diesel prices and is not likely to achieve major cost reduction on longer 
term. Ethanol production from sugar cane, however has established a strong 
position in Brazil and increasingly in other countries in tropical regions (such 
as India, China and various countries in Sub-Saharan Africa). Production costs 
of ethanol in Brazil have steadily declined over the past few decades and have 
reached a point where ethanol is competitive with production costs of gasoline 
(Rosillo-Calle and Cortez 1998). As a result, bio-ethanol is no longer finan¬ 
cially supported in Brazil and competes openly with gasoline (Goldemberg 
et al. 2004). Large scale production facilities, better use of bagasse and trash 
residues from sugar cane production e.g. with advanced (gasification based) 
power generation or hydrolysis techniques (see below) and further improve¬ 
ments in cropping systems, offer further perspectives for sugar cane based 
ethanol production. The key limitations for sugar cane production are climatic 
and the required availability of good quality soils. Lignocellulosic feedstock 
production is more flexible in this respect. 

• Ethanol from (ligno)-cellulosic biomass: hydrolysis of cellulosic (e.g. straw) 
and ligno-cellulosic (woody) biomass can open the way towards low cost and 
efficient production of ethanol from these abundant types of biomass. The 
conversion is more difficult than for sugar and starch because from ligno¬ 
cellulosic materials, first sugars need to be produced via hydrolysis. Lignocel¬ 
lulosic biomass requires pretreatment by mechanical and physical actions (e.g. 
steam) to clean and size the biomass, and destroy its cell structure to make it 
more accessible to further chemical or biological treatment. Also, the lignin part 
of the biomass is removed, and the hemicellulose is hydrolysed (saccharified) 
to monomeric and oligomeric sugars. The cellulose can then be hydrolysed 
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Figure 3. Ethanol production by hydrolysis fermentation schematically. 


to glucose. The sugars are fermented to ethanol, which is to be purified and 
dehydrated. Two pathways are possible towards future processes: a continuing 
consolidation of hydrolysis-fermentation reactions in fewer reactor vessels and 
with fewer micro organisms, or an optimisation of separate reactions. As only 
the cellulose and hemicellulose can be used in the process, the lignin is used 
for power production (see Figure 3). To date, acid treatment is an available pro¬ 
cess, which is so far relatively expensive and inefficient. Enzymatic treatment 
is commercially unproven but various test facilities have been built in North 
America and Sweden. The development of various hydrolysis techniques has 
gained major attention over the past 10 years or so, particularly in Sweden and 
the United States. Because breakthroughs seem to be necessary on a rather 
fundamental level, it is relatively uncertain how fast attractive performance 
levels can be achieved (Hamelinck et al. 2004). Assuming, however, that men¬ 
tioned issues are resolved and ethanol production is combined with efficient 
electricity production from unconverted wood fractions (lignine in particular), 
ethanol costs could come close to current gasoline prices (Lynd 1996): as low 
as 12Euroct/litre assuming biomass costs of about 2Euro/GJ. Overall system 
efficiencies (fuel + power and heat output) could go up to about 70% (LHY). 
For the agricultural sector and agro-food industry this technology is interesting 
already to boost the competitiveness of existing production facilities (e.g. by 
converting available crop and process residues), which provides drivers for both 
industry and agriculture to support this technology. 

Application of CO 2 capture. The fermentation step (see Figure 3) is a process where 
pure CO 2 is produced and capture could be deployed relatively easily. Consider¬ 
ing sugar and starch rich biomass sources, about half the biomass is converted to 
ethanol and the other half into CO 2 during the process. CO 2 is basically the sole 
gas released during this step and capture costs are relatively low (largely consisting 
of compression). When a lignine fraction is present (for woody biomass) a part of 
the carbon will end up as flue gas after combustion or gasification for production of 
power and (process) steam. The latter option would allow for CO 2 capture before 
the fuel gas is burned in a gas turbine, which is somewhat more expensive than 
removal and compression of pure CO 2 , but it is possible to capture most of the 
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carbon not present in the final product. The work of Mollersten cs. provides an 
overview of combining the use of sustainably grown biomass with (partial) CO 2 
capture allowing for overall negative CO 2 emissions per unit of energy produced 
on a life cycle basis (Mollersten et al. 2003) 

Extraction and production of esters from oilseeds. Oilseeds, like rapeseed, can be 
extracted and converted to esters and are well suited to replace diesel. Rapeseed 
production and subsequent esterification and distribution is established technology 
in Europe. Significant quantities of Rapeseed MethylEster (RME) are produced 
in the EU (concentrated in Germany, France and to a lesser extent in Austria and 
Italy). RME however, requires substantial subsidies to compete with diesel, also 
on the longer term. Subsidies in Europe generally consist of a combination of farm 
subsidies (e.g. for producing non-food crops) and tax exemption of the fuel itself. 
The latter implies about a factor of 3-4 subsidy compared to conventional diesel or 
gasoline production costs (see also Table III). Key drivers for the implementation 
of RME schemes are rural employment and the flexible nature of the crop because 
it can easily replace conventional food crops when desired. Energy balances of 
RME fuel chains are less favourable when compared to perennial crops and net 
energy production per hectare is lower (Kaltschmitt et al. 1996; Biewinga et al. 
1996). Energy balances and economic performance can be improved to some extent, 
particularly by using straw for efficient heat and power production (IEA 1994; 
Hamelinck and Faaij 2004), but not to such an extent that RME can compete with 
gasoline and diesel. 


3. Markets for Bio-Energy 

Absolutely crucial for the success of bio-energy systems is their economic perfor¬ 
mance. Biomass is a competitive alternative in many situations, but this is gen¬ 
erally observed where cheap, or even negative costs biomass residues or wastes 
are available. In order to make large scale bio-energy use (especially from ded¬ 
icated biomass crops) competitive with fossil fuels, the conversion technologies, 
biomass production, as well as the total bio-energy systems, require further devel¬ 
opment and optimisation. Various technological possibilities were summarized in 
Section 2. Table IV gives a global overview of the main markets on short and longer 
term for biomass use for energy. 

3.1. Heat, power and fuels from biomass; key markets 

With biomass prices of about 2U$/GJ state of the art combustion technology at a 
scale of 40-60 MWe can result in Costs of Electricity (COE) of around U$ ct 5- 
6/kWh produced (DOE 1998; Domburg and Faaij 2001). (Solantausta et al. 1996). 
Co-combustion, particularly at efficient coal fired power plants, can obtain similar 
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or lower cost figures, largely depending on the feedstock costs. When BIG/CC 
technology becomes available commercially, COE could drop further to about 3— 
4 U$ct/kWh, especially due to higher electrical efficiencies. For larger scales (i.e. 
over 100 MWe) cultivated biomass will be able to compete fully with fossil fuels in 
many situations. The benefits of lower specific capital costs and increased efficiency 
certainly outweigh the increase in costs and energy use for transport for considerable 
distances once a reasonably well developed infrastructure is in place (Marrison and 
Larson 1995; Domburg and Faaij 2001). 

Decentralised power (and heat) production is generally more expensive, but 
better suited for off-grid applications. The costs that could ultimately be obtained 
with e.g. gasifier/diesel systems are still unclear and depend strongly on what 
emissions and fuel quality are considered acceptable. Combined Heat and Power 
generation is generally attractive when heat is required with high load factors. 

As discussed in Section 1, production of heat and electricity dominate current 
bio-energy use. At present, the main growth markets for bio-energy are the European 
Union, Central and Eastern Europe and South East Asia (Thailand, Malaysia, In¬ 
donesia), especially with respect to efficient power generation from biomass wastes 
and residues. Two key industrial sectors for application of state-of-the-art biomass 
combustion (and potentially gasification) technology for power generation are the 
paper and pulp sector and cane based sugar industry worldwide. 

In most European countries heat production from biomass has stagnated some¬ 
what (unless in CHP applications) (Hamelinck et al. 2002). Bio-energy develop¬ 
ments in North America (US, Canada) has stalled in recent years, in particular due 
to political developments, the one exception being ethanol production linked to 
the com and grain production and processing industries. Table IV gives a broad 
overview of the perspectives for various markets combined with main biomass 
resources on short and longer term. Key points are: 

• In traditional bio-energy use, heat for cooking and space heating are crucial. It is 
not expected that the traditional use of biomass will diminish in coming decades, 
since traditional biomass use is often interlinked with poverty and underdevel¬ 
opment, which prove difficult problems to solve. Nevertheless, modernizing 
bio-energy use for the poorer part of populations is an essential component of 
sustainable development schemes in many countries. This creates opportunities 
and major markets for example for improved stoves, production of high quality 
fuels for cooking (e.g. biofuel based such as ethanol and fischer-tropsch liq¬ 
uids) with considerable efficiency and health advantages. Furthermore, biogas, 
e.g. produced with digestors on village level, prove very effective in various 
countries (such as China and India) in solving waste treatment problems and 
supplying high quality energy carriers (clean gas and power when used in gas 
engines) along with hygienic bio-fertilizers. 

• Commercial heat production from biomass stalls in most countries with sig¬ 
nificant biomass utilization. Reliable technology (e.g. gasification, advanced 
stoves, etc.) are commercially available for many applications (industrial, 
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district and domestic heating), but profitability of power generation (or CHP) 
seems better in most current markets. Especially, for specific industrial appli¬ 
cations heat production from biomass seems most attractive. 

• Power generation from biomass by advanced combustion technology and co¬ 
firing schemes is at present the real growth market worldwide. Mature, effi¬ 
cient and reliable technology is available to turn biomass into power. In various 
markets the average scale of biomass combustion schemes rapidly increases 
due to improved availability of biomass resources and the economic advan¬ 
tages of economies of scale of conversion technology. It is also in this field 
that competitive performance compared to fossil fuels is possible where lower 
cost residues are available. This is in particular true for co-firing schemes, 
where investment costs can be minimal. Specific (national) policies (such as 
carbon taxes, renewable energy support, e.g. by direct investment subsidies 
or feed-in tariffs) accelerate this development. Gasification technology (inte¬ 
grated with gas turbines/combined cycles) offers even better perspectives for 
power generation from biomass on medium term and can make power gen¬ 
eration from energy crops competitive in many areas in the world once this 
technology has been proven on commercial scale. Gasification (in particu¬ 
lar larger scale CFB concepts) also offers excellent possibilities for co-firing 
schemes. 

3.2. Production of liquid and gaseous fuels from biomass 

Table III gave a compact summary of estimates for costs of various fuels that can be 
produced from biomass. A distinction is made between performance levels on the 
short and on the longer term. Generally spoken, the economy of ‘traditional’ fuels 
like Rapeseed MethylEsther and ethanol from starch and sugar crops in moderate 
climate zones is poor and unlikely to reach competitive price levels even in the longer 
term. Also, the environmental impacts of growing annual crops are not as good as 
perennials because per unit of product considerable higher inputs of fertilizers 
and agrochemicals are needed (see e.g. Biewinga et al. (1996) and Kaltschmitt 
et al. (1996)). In addition, annual crops on average need better quality land than 
perennials to achieve good productivities. Perennial crops can also be grown on 
marginal lands, thereby achieving potential other key benefits such as soil quality 
improvement. 

A key exception under ‘conventional’ biofuels is production of ethanol from 
sugar cane in tropical regions where good soils are available, which proves cur¬ 
rently a competitive system in the Brazilian context and some other countries. For 
countries where sugar cane production is feasible, commercially available technol¬ 
ogy allows for production of relatively low cost ethanol. Brazilian experience shows 
that ethanol production competitive with gasoline is possible at current oil prices 
(Rosillo-Calle 1998; Goldemberg et al. 2004). Ethanol production capacity based 
on sugar cane is increasing in some African, several Latin American and Asian 
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(most notably India and China) countries. Furthermore, better use of cane residues 
(e.g. for power generation or use via hydrolysis processes) can further improve the 
performance of cane based ethanol production. 

But it is production of methanol (and DME), hydrogen, Fischer-Tropsch liquids 
and ethanol produced from ligno-cellulosic biomass that offer much better per¬ 
spectives and competitive fuel prices in the longer term (e.g. around 2020). Partly, 
this is because of the inherent lower feedstock prices and versatility of producing 
ligno-cellulosic biomass under varying circumstances. Hoogwijk et al., indicated 
that on longer term perennial cropping systems could supply a few hundred EJ 
by mid-century in a competitive cost range between l-2Euro/GJ. Furthermore, 
as discussed in this paper, the (advanced) gasification and hydrolysis technolo¬ 
gies under development have the inherent improvement potential for efficient 
and competitive production of fuels (sometimes combined with co-production of 
electricity). 

An important point is also that when the use of such ‘advanced’ biofuels (espe¬ 
cially hydrogen and methanol) in advanced hybrid or Fuel Cell Vehicles (FCV’s) 
is considered, the overall chain (‘tree-to-tyre’) efficiency can drastically improve 
compared to current bio-diesel or maize or cereal derived ethanol powered Internal 
Combustion Engine Vehicles; the effective number of kilometres that can be driven 
per hectare of energy crops could go up with a factor of 5 (from a typical current 
20,000 km/ha for a middle class vehicle run with RME up to over 100,000 km/ha 
for advanced ethanol in an advanced hybrid or FCV (Faaij and Hamelinck 2002)). 
Note though, that the exception to this performance is sugar cane based ethanol pro¬ 
duction; in Brazil the better plantations yield some 8000 litre ethanol/ha yr, or some 
70,000 km/yr for a middle class vehicle. In the future, those figures can improve 
further due to better cane varieties, crop management and efficiency improvement 
in the ethanol production facilities (Damen 2001). 

Furthermore, FCV’s (and to a somewhat lesser extent advanced hybrids) offer 
the additional and important benefits of zero or near zero emission of compounds 
like NO*, CO, hydrocarbons and small dust particulates, which are to a large extent 
responsible for poor air quality in most urban zones in the world. 

Biomass derived transportation fuels currently represent a modest 0.5 EJ (or less 
than 1 %) of total bio-energy use worldwide (largely covered by ethanol production 
from sugar and starch crops). But it is especially in this field that global interest is 
growing, in Europe, Brazil, North Amercia and Asia (most notably Japan, China 
and India). Four main drivers explain this growing interest: 

1. The transport sector is particularly difficult to tackle in terms of GHG emission 
reductions; biomass is the only option for supplying (liquid) carbon neutral 
hydrocarbons. 

2. The strategic importance of reducing the dependency on oil, imported from a 
declining number of exporting countries that experience political instability, 
is growing as is concern that global oil production may peak sooner than 
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previously expected; transport fuels are the by far the most important product 
produced from mineral oil. 

3. Technological developments offer clear perspectives of competitive and effi¬ 
cient production of biofuels from biomass, most notably ethanol via hydroly¬ 
sis and fermentation techniques and fuels such as Fischer-Tropsch, methanol, 
DME and hydrogen via gasification. Sugar cane based ethanol production in 
tropical regions already provides a competitive alternative and ethanol produc¬ 
tion from this source is growing rapidly. 

4. In addition, in the medium term (e.g. after 2020), biomass use for transport fuels 
may prove to become a more effective way to reduce GHG emissions using 
biomass than power generation. This can be explained by the partly observed 
and partly expected reduction in carbon intensity of power generation due to 
large scale penetration of wind energy, increased use of highly efficient natural 
gas fired Combined Cycles and deployment of CO 2 capture and storage (in 
particular at coal fired power stations). 

In Europe, policy targets are likely to create a major push for biofuels and large- 
scale demonstration, e.g. of Fischer-Tropsch liquid production via gasification of 
biomass, is likely in the foreseeable future (e.g. before 2010) (EC 2001). Various 
European countries have shown interest in moving in this direction and serious 
demonstration activities are being undertaken in Germany and Sweden. Crucial 
for the economic feasibility of such schemes is their application on large-scale 
(i.e. over 1000 MW*). Related development and investment risks (also concerning 
a secure supply of biomass) are therefore considerable. Ethanol production from 
ligno-cellulosic biomass offers similar perspectives as well as technological and de¬ 
velopment challenges. RD&D efforts in developing advanced ethanol production 
technology (including hydrolysis techniques) are significant and various demon¬ 
stration projects are being carried out (Sweden, US) that may pave the way to large 
scale commercial use of this technology before 2020 or so. 

As discussed, inherent to the advanced conversion concepts, it is relatively easy 
to capture (and subsequently store) a significant part of the COt produced during 
conversion at relatively low additional costs. This is possible for ethanol production 
(where partially pure CO 2 is produced) and in particular for gasification concepts. 
Production of syngas (both for power generation and for fuels) in general allows for 
CO 2 removal prior to further conversion. For FT production about half of the carbon 
in the original feedstock (coal, biomass) can be captured prior to the conversion of 
syngas to FT-fuels. This possibility allows for carbon neutral fuel production when 
mixtures of fossil fuels and biomass are used and negative emissions when biomass 
is the dominant or sole feedstock. Flexible new conversion capacity will allow 
for multiple feedstock and multiple output facilities, which can simultaneously 
achieve low, zero or even negative carbon emissions. Such flexibility may prove to 
be essential in a complex transition phase of shifting from large scale fossil fuel 
use to a major share of renewables and in particular biomass. The possibility of 
achieving negative carbon emissions may prove a crucial ‘’back-stop” technology 
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when climate change develops at a more rapid pace than so far considered and very 
rapid emission reductions are strived for. 


4. Closing Remarks 

From a regional or national focus in the eighties and nineties, biomass and bio¬ 
energy is increasingly becoming an international matter. Biomass markets are de¬ 
veloping into international markets and international trade of biomass and biomass 
derived energy carriers is on the rise (IEA Task 40 2005). Furthermore, certifi¬ 
cate and emission trading as well as projects realized as under the Clean Devel¬ 
opment Mechanism or as Joint Implementation activity make it more and more 
difficult to maintain very specific national policies. The recent EC biofuel directive 
is an interesting example of a pan-European target that potentially has important 
consequences for a European bio-energy market, both for production of biomass 
feedstock and high quality transport fuels. Similar arguments hold for technology 
developments and the RDD&D trajectories needed to commercialize more ad¬ 
vanced, competitive and efficiency conversion capacity in particular for production 
of electricity and fuels (Faaij 2004). 

Biomass is one of the renewable energy sources capable of making a large 
contribution to the future worlds’ energy supply. Although the actual role of bio¬ 
energy will depend on its competitiveness with fossil fuels and on agricultural 
policies worldwide, it seems realistic to expect that the current contribution of 
bio-energy of 40-55 EJ per year will increase considerably. A range from 200- 
300 EJ may be observed looking well into this century, making biomass a more 
important energy supply option than mineral oil today. 

A key issue for bio-energy is that its use should be modernized to fit into a 
sustainable development path. Especially promising are the production of electricity 
via advanced conversion concepts (i.e. gasification and state-of-the-art combustion 
and co-firing) and modem biomass derived fuels like methanol, hydrogen and 
ethanol from ligno-cellulosic biomass, which can reach competitive cost levels 
within 1-2 decades (partly depending on price developments with petroleum). Sugar 
cane based ethanol production already provides a competitive biofuel production 
system in tropical regions and further improvements are possible. Flexible energy 
systems, in which biomass and fossil fuels can be used in combination, could be 
the backbone for a low risk, low cost and low carbon emission energy supply 
system for large scale supply of fuels and power and providing a framework for the 
evolution of large scale biomass raw material supply systems. The gasification route 
offers special possibilities to combine this with low cost CO 2 capture (and storage), 
resulting in concepts that are both flexible with respect to primary fuel input as well 
as product mix and with the possibility of achieving zero or even negative carbon 
emissions. Prolonged RD&D efforts and biomass market development, consistent 
policy support and international collaboration are essential to achieve this. 
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